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ABSTRACT "

Saturation profiles resulting from TOUGH2 numerical simulations of water infiltration into a

tuff matrix from a saturated vertical fracture have been compared to experimental results. The

purpose was to determine the sensitivity of the infiltration on local heterogeneities and differenl

representations of two-phase characteristic curves used by the model. Findings indicate that the
• ,

'use of simplified (linearized) capillary pressure curves with rigorous (van Geq;mhten) relative

permeability curves resulted in a more computationally efficient solution without a loss in accuracy.

l-lmvcvcr, linearized forms of the relative permeability functions produced poor results, regardless

of the form of the capillary pressure function. In addition, numerical simulations revealed that the

presen_ce of local heterogeneities in the tuff caused non-uniform saturation distributions and wett.ing
,

,,

fronfs in th_ matriX.. • ' " . . "
• .

• .

.. , , , _ , • .,. .•

• . .
• i , , • o,

• I.- "INTRODUCTION. ' I " _ ' ' "I

Predict[vemodels ofhydrologic trahsport in the "subst[rface are u_ed in' many .disciplines '

, " including ehvir6nmental remediation and nuciear.Waste management. An area of growiug' interest " . . ,

' in _hesc, fields lies in,iae unsatiirat6d zone., where'bo{h _pilled.'contaminantsand potential nuc.le_ir ' "
• . : . " .-

Waste repositories can reside. For'example, the 8valuation of Yucca Mountaifi as a potent!al high-"

level radioactive waste, repository relies on predictive hydrologic models in unsaturated tuff

:,_rro_ndin,,_ the proposed site. Since the transport of contaminants and radionuclides can depend



strongly on hydrologic behavior in these unsaturated regions, models typically use two-phase

characteristic curves which govern hydrologic flow in tile unsaturated zone. Capillary pressures

and relative permeabilities are often expressed as non-linear functions of liquid saturation, and

these are used in the models to determine liquid and gas phase mobilities. However, due to the

highly non-linear nature of these functions, computational efficiency can be greatly reduced in the

numerical codes. For example, at low liquid saturations the capillary pressures used in the models

are often discontinuous or extremely large, forcing numerous iterations and reductions in the time-

steps used by the numerical code. In addition, low liquid saturations in low permeabilily media

give rise to extremely high capillary pressures that can imply negative absolute liquid-phase

pressures. The validity of using these extreme values for calculating liquid mobilities has been

questioned by previous investigators I.

The objective of this study is .to identify simplified two-phase characteristic curves that relax the

compulational burden while maintaining the physical integrity of the model. Infiltration into an.

unsaturated taft mau-ix from a saturated vertical fracture is considered for the analysis. Numerical

results are compared to an experiment performed by Foltz et al.2 in which saturation fields were

recorded during two-dimensional imbibition into a tuff slab taken from the Nevada Test Site. Both

rigorous and simplified forms of the two-phase characteristic Curves are used in the numerical

model toidentify appropriate forms of the curves that accurately.represent the physical.system .

• .w.hile l_roviding 'computa_ioni_llyefficient solutions. In addition, the effects of local he!erogeneities .
.... .

in ttie tffff matrix are investiga{ed.by Comparing. saturation distributions.resultirlg from numerical., . . ,

simulations .using both homogeneo(ls and heterogeneous pe.rmeabil!ty fields. _. .

• " . .... GA b ,........ ..•. .. :_'.:...: - .. • ... ' • Ii., ":INVESTI. TI E.APPR CH.:" ' ... " . •
• "... . , " . • .,. , . . ' . . •.. -_,,

• . • •' °• • . " , • .

•' In this section; nebessary bacl_groun'd is provided, for the analysis.presented in this report.

First, two-phase characteristic curves are described, and the different forms used in this study are

presented and discussed. Then, a brief description of the two-dimensional imbibition experiment
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presented in Foltz et al.2 is given. Finally, the numerical approach used in the simulation of the

experiment is presented.

A. Two-Phase Characteristic Curves

In order to characterize hydrologic behavior in unsaturated regions, capillary pressure and -

relative permeability curves must be measured for the media of interest. In the water-air system

considered in this study, the capillary pressure functions give a measure of the tendency of the

porous medium to imbibe water, the wetting fluid. The relative permeability functions give a

measure of the impedance of flow of one fluid phase due to the presence of another fluid phase.

Both capillary pressure and relative permeability curves can be generated using various

experimental methods, 3 and curve-fitting expressions approximating these data such as the Brooks

and Corey 4 and van Genuchten 5 functions can be used in the models.

•. Due.to the lack of data characterizing the tuff used in the experiments performed by Foltz et

al.,2 Capillary pressure and relativepermeability functions (and fitting parameters) used by Pruess 6
.

to model flow in a tuffaceous rock are used in this study as well. The parameters were taken from

Hayden et al., 7 where hydrologic modeling of the Topopah Spring Unit of Yucca-Mountain was

performed. The van Genuchten functions used to characterize the capillary pressures, Pc, and
i

: liquid-phase relative, permeabilities, kr,w,as a function of liquid saturation, S, in the tuff are given . ,
• ,

• .. .

" folio .... ' ", ' as ws: • . : ..' .. . . .
.. ,. .. . ; • . . ". °

• .

)• . .4

.. p= .l/m 1.l-m '.. - .. • (1)
_,

• ,

, ,, • .,

e- .=" 5 81_m . . .
•.' k,, ".. .)... ..... . .4

i

..... •

• .. ;., . • ", * .. • • . t ' .2. , ".¢
. ,', • , '.. . . .. • o.

• ..

" .... ";S S; ., .
.. " '.where • " ",Se= 1' Sr " ' "

and m=0.45, oc = 7.178x10 -7, and Sr = 0.0



In the above equations, (x and m are curve fitting parameters, Se is an effective saturation, and

Sr is the residual liquid saturation. Equations (1) and (2) are plotted in Figures 1 and 2 (the plotted

values of the capillary pressures are negative to symbolize capillary suction). Note the highly non-

linear dependence of both the capillary pressure and relative permeability on the liquid saturation.

As stated earlier, computational performance can be hindered due to the non-linear nature of these "

curves. As a result, alternative linearized functions of the capillary pressures and relative

permeabilities were also used in the numerical simulations for comparison. These linearized

functions are also plotted in Figures 1 and 2 and are given as follows:

Pc = -6x106 + 6x106S (3)

kr,w = S (4)

• Numerous s.implified curves could have been chosen to represent the non-linear functions

given in Equations (1) and'(2), but the primary objectives of this study were to minimize the non-

iinearity of the curves and to eliminate any disoontinuities over the entire liquid saturation domain

(0_<S_I). For example, a linear representation of the relative permeability function could have

been chosen such that the liquid relative permeability decreased to zero at a liquid saturation of 0.7

.instead of 0, but a slope.discontinuity would exist at that value, po!entially creating complications

in convergence in the numericalcode. Thus, ttie linear relative permeability and capillary pressure, ,.... .. ..

• .... curves given in E.quations (3) and(4) were chosen to span the...entire range ofliquid saturations .

"' (0<S._<I). In addition, the slope'of.the linear capillary pressure curve was chosen.to best . .

i_pproximat e the given capillai-y pressures in Equation .(1). - . ' .
..

• . .. . e. '• b *

: • ,, . • _ ,. • . . . , _, o •

• . " ... " iFigure'2 ghOws.a large:dlscrePan.ey be.tw.eent.h.d.relatiyeperi:neal_ilifies as.given:by:the, y,an' " ', .;
• . . -. . . . . • . . • . .'

• . .o

.. "Genucl_tenandthe linearized functions for ail valubs of liquid saturation.. It is app.arent that the use
,i

ofthe linearized relative £ger/neability function should yield more diffusive or 'smeared' wetting

fronts during infiltration into a porous matrix, while the van Genuchten function should produce a

sharper wetting front. Figure 1 shows that the linearized form of the capillary pressure function



deviates significantly from the wm Genuchten function only at low liquid saturations• Because the

wm Genuchten relative permeabilities are essentially zero at these low liquid saturations, the use of

the linearized form of the capillary pressure function with the van Genuchten relative permeability

function are expected to produce results that are similar to those using both van Genuchten

capillary pressure madrelative permeability functions• Computational savings are expected to occur

in this case since the highly non-linear capillary pressures are avoided at the lower liquid

saturations.

B. Experimental Background

In the experiments performed by Foltz et al.2, two slabs of tuff (each 14.0 cm high x 10.2 cm

wide x 2.5 cm thick) were cut from a block of partially welded Timber Mountain Tuff obtained

from the Nevada Test Site. An approximate 100 micron gap (slot fracture) was maintained

between the verticaledges Of the two slabs, which were held in place with an aluminum frame. A .

potassium iodide solution (an image contrast enhancing agent) was introduced at a constant rate of

1.7 ml/min at the top of the gap. X-ray adsorption imaging 8 was then used to capture transient

liquid saturation fields in the initially dry slabs of tuff. Images of the saturation fields (512x512

pixels cropped down to 260x280 pixels) were obtained from x-ray exposures lasting 100 seconds.
•

• Figure 3 shows a sketch of. the tuff slabs, the boundary conditions, .and inclusions (possibly.
r . "'. ; •

pum!c¢.) that were visible in the tuffslabs. The visible inclusions acted as b#rriers.t0 flow and ar.e• , .• ." ,

discussed in detail later. At the fracture ot_tlet.slight aspiraiionwas applied tosim/date'a "

continuous fracture. Howe;,,er, experinfental difficulties were encountered re'sulti_g in inadvertent :

ponding of water at the outlet. • . . " ..
• , • ,

• . o'
• t , • • , • ,' .• o . • . . • . °

"" :Figures"4(a)-(_l) sho_ the Saturatiort;fields" inthe.tUf.i' slabs at.'123, 957,11890; a.nd 396_ .',. "
,t " ,. • .

.seconds foll6wing i.nitiation ofthe .experi;nent as rep0rted by 'Foliz et al.2 Black represents .

completely dry conditions and white represents completely saturated conditions (the white vertical

strip in the center is the location of the fracture). Note that the images were cropped by the

aluminum frame so that the dimensions of each tuff slab in the images are slightly reduced (14.0
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cm high x 8.5 cm wide). Figure 4 shows that a non-uniform wetting front propagated into the tuff

slabs. The cause of this non-uniformity was suspected to be a combination of the local

heterogeneities in the tuff matrix and the ponded boundary condition described earlier. Figure 5

provides saturation data along a horizontal transect located 6.5 cm below the top edge of the right-

hand tuff slab (x=0 corresponds to the location of the vertical fracture). Note that Figure 5 shows

that the wetting fronts are very sharp for all recorded times. Both Figures 4 and 5 are used in

comparing liquid saturation distributions with the numerical simulations.

C. Numerical Approach

Numerical simulations of the experimental system were run using TOUGH2 9. TOUGH2

(Transport Of Unsaturated Groundwater and Heat) is a numerical code developed by Pruess 9 to

model the coupled transport of air, water, vapor, and heat in porous media. The mathematical

formulation used in the code is presented in Pruess 9, so only the grid formulation and physical

modelsare presented here. Two simulation studies were performed using TOUGH2 to determine

the sensitivity of the infiltration process into a tuff matrix to different representations of two-phase

characteristic curves and local heterogeneities. In both studies, saturation profiles were generated

by the numerical models at times corresponding to those recorded during the experiment to

facilitate comparison. ". ,.

• .
, . . .

• . .

.in the :_rs't study, .ahomog.eneou s TOUGH2 grid .shown in Figu're 6 was used'.t 9-model.the .
..

infiltration experiment performed, by Foltz et al.2 (onlythe right-hand tuff slab was modeled for
d

simplicity). A homogeneous grid infers tl_at_theproperties of allthe elements in thegrid.such as

bulk. l_ernl.eabi!ity andporosity, areunifor m. This homogeneou s case was used.t0.-deiermme the. •
: . . . ...... • . _... . . .. . . : ..... ;. . ..

""" ' .'_ensttiviiy of:the simuiat_on:.to-diffetent"coi:r/blnati0n} Oftw6-phaseciiaractei'i'stfc.du_¢s" Fuur, . " '"
• ; . °'°, . " 2

.

simulations were run Using diffei'ent combinations .of the Characteristic curves shown in Figures.l' •
• o

and 2. Asaturated boundary on the left side of the grid was used to simulate the saturated vertical

fracture (in the experiments water propagated rapidly through the vertical gap, so a saturated

vertical boundary was assumed in the simulations). The right boundary was maintained at



atmospheric pressure and zero saturation, and no flow conditions were imposed on all other

boundaries. The tuff elements shown in Figure 6 were initially dry, and at t=0 water was allowed

to imbibe into the matrix from the saturated elements along the left edge of the matrix. Table 1

contains the properties of the tuff elements that were used in the model. These parameters (except

for the experimentally measured porosity) were taken from Pruess 6 who used values compiled by

Hayden et al.7 during hydrologic modeling of the Topopah Spring Unit of Yucca Mountain•

In the second study, heterogeneous hydraulic properties were used to determine the effects of

local heterogeneities and the ponding of water at the fracture outlet on the infiltration experiment.

Figure 7 shows the permeability field that was used in these simulations. The grid was identical to

the homogeneous grid except for two modifications. First, a low permeability element was added

along the left edge of the TOUGH2 grid to simulate a visible inclusion in the actual tuff matrix.

The visible heterogeneity acted as a barrier to flow, but the actual properties of the inclusion were

unknown. Therefore, the heterogeneous element was given a permeability that was two orders of

magnitude lower than the rest of the matrix (the actual inclusion may have had a larger porosity

than the rest of the matrix, acting as a capillary barrier to flow; in either case the intention here was

to create an element which simply acted as a flow barrier)• Second, two saturated elements were

added to the bottom of the grid to simulate the ponding of water as obse.rved during the
• o

.:. experiment:. These modifications were expected to provide full-field s_turation distributions Which ' "'
. o

• ,

.. • resemb!ed: the experi,ment_.l s_ituration fields more closely than th'e h.omogeneous results. The . ,
,o ,,, •. ,

properties of the tuff ele.ments used in this study are shown in Table 1 • "
,,

..

.,• .

• , _ .

IIL RESULTS AND DISCUSSION . '
• , . ,

k. , . ; . , .• . , • • • ,
: .. - , .,I • ." 1. - - o • . - ,i

• _ 2 . . • • . ,

" A:, "H0mogeneous simulations " .":" • "" • '_- "'" ...... •
• . , .. , • . • . , . .,'o .

,, . , , . ,

0 .
• . •

Four.homogeneous simulationswere performed using different combinations of characteristic :

_ curves shown in Fi'gures 1 and 2. Figures 8(a)-(d) show the two-dimensional full-field saturation

fields in the right-hand tuff matrix at 3903 seconds of infiltration for each combination. Recall that
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only the right-hand tuff slab was modeled for simplicity. A comparison of these figures with the

experimentally observed saturation fields shown in Figure 4 reveals that the use of linear relative

permeability cuiwes in the nuinerical model (Figures 8(a) and 8(b)) results in wetting fronts that are

too diffuse. The use of non-linear relative permeability functions (Figures 8(c) and 8(d)) results in

sharper wetting fronts that more closely resemble the experimental observations. However, the

simulated wetting fronts are all vertically uniform, whereas the experimentally observed wetting

fronts are vertically non-uniform. The discrepancy is attributed to local heterogeneities and

boundary conditions not included in this set of simulations. The heterogeneous simulations will

address this issue further.

Saturation profiles were numerically generated at times corresponding to the experiment along a

horizontal transect of the tuff matrix 6.5 cm from the top. Figures 9(a)-(d) give the saturation

profiles for the different combinations of characteristic curves. In Figures 9(a) and 9(b) it is

apparent that the use of linearized forms of the relative permeability functions results in smeared

saturation fronts, reg.ardless of the form of the capillary pressure function. On the other hand, the

use of non-linear van Genuchten relative permeability functions corresponds more closely to the

observed experimental profiles as shown in Figures 9(c) and 9(d). In these two cases, steeper

saturation fronts are observed, and the results of using a linearized capillary pressure function
. ...

-

(Figure 9.(c)) are very simitar to the results o.f the simulation using the non-linear van Genuchten ..

" capillary presstire functio.n (Figure 9(6))." "Thus; despite the different capiliary pressure. .• .• . , •

" representations, the resuiting saturation distributions were very similar when non,linear .relative

permeability functions were used. This was expected since the capillary pressures differed .only
• i .

, bOlo.w,a liquid s_turation of 0.4 as shown in Figure i, and..be.'lg,wthis value the van Genudhten
• ,, • . . ,.,. • • . • .... ,_'" . •

7" .i " " ° " "" ' " ¢ ' " ' "' • "" •* 'u "J " *

• ;"...-r_lat_ve permeabilities .W¢¢e,'¢ery¢lose..foz_ro hs.ghov;,n in.Figure.2"."Thetefore', the l'iqu!._lmblSility ."_ " •
, .

• at this saturation was essentially zero, and discrepancies between tile linear andnon-linear.capillary

pressure curves at low liquid saturations did not have significant impacts on the results. In

addition, the use of the linearized form of the capillary pressure function resulted in runs with

computation times that were over 40% faster than those using the non-linear function.
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B. lteterogeneous Simulations

In this section we attempt to explain the non-uniform wetting front observed experimentally as

shown in Figure 4. The only differences between this simulation and the homogeneous

simulations are the addition of a low permeability region in the tuff matrix and additional saturated

boundary elements along the bottom left edge of the grid as shown in Figure 5. Since it was

learned from the homogeneous simulations that the use of linear relative permeability functions

resulted in poor results, only the non-linear van Genuchten relative permeability function was used

in the heterogeneous simulation. Also, since the use of the linear capillary pressure function

provided similar results as the non-linear van Genuchten capillary pressure function in the

homogeneous simulations with a savings in computational time, only the linear capillary pressure

function was used.

Figures 10(a)-(d) show the two-dimensional full-field saturation fields resulting from the

numerical simulation at 123, 957, 1890, and 3903 seconds of infiltratio.n from the saturated

boundary along the left edge. The inclusion has a notable effect of retarding the infiltration in that

region as shown by both the numerical simulations (Figure 10) and the experimental saturation

profiles (Figure 4). Note that the region near the inclusion in the experiment remained at a low

liquid saturation even after the wetting front had.passed as shown in Figure.4(d). However, the
•, • '. .

numericall._, simulated low permeabilityinclusi0n becgmes fully'saturated as shown inFigure
J • • • .

• . i0(di. This indicatesthat the 'inclusion" was most likely.a high'porosity region whicti-acted as.a
.,' o • . .

" capillaz,y barrier, successfull_preventing flow'into,theinclugion. There is also"asignificant change ".
..

:. in'the saturation distribution near. the igottom as.a result of the additional satOrated elements. .

• , Comparison of tfieso saturation fieids with.ilaose ot_the experifiaent'in Figures 4ia)-(d) reveal a '"
•_ ..... --..: . . ".,: .. • ... " : . :. '

" ' .'. o . • ,p. • " •

' :"'" ' simif_irwetiing front behavio'r. The rather simplemodificati6ns thzit inciuded0ne lo;,vpe'rmeabiliiy
' . ,

..

. '" elmnent and two additional satui'ated boundary elements were sufficient to yield more realistic •

saturation profiles than those resulting from the homogeneous simulation.
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IV. CONCLUSIONS

The use of appropriate two-phase characteristic curves in hydrologic models of unsaturated

flow in tuff has been investigated. The need for alternative forms of the characteristic curves is

sometimes necessary for feasible, computationally efficient models of unsaturated flow problems

such as the evaluation of Yucca Mountain as a potential high-level radioactive waste repository.

Infiltration into a tuff matrix has been simulated numerically and experimentally, and comparisons

of saturation distributions have been made between the numerical and experimental results using

both linear and non-linear (van Genuchten) forms of the two-phase characteristic curves. While

linearized forms of the relative permeability functions produced poor results, the use of linearized

forms of the capillary pressure function yielded reasonable solutions when non-linear relative

permeability functions were used. The use of linearized capillary pressure functions also increased

computational speed by over 40%. This implies that the use of simplified capillary pressure curves

may provide'a reasonable alternative to highly., non-linear curves if increased computational

, efficiericy is desired while maintaining the integrity of the physical solution. Recall, however, that .

these findings are based on the analysis of just one experiment and one simplified form of the two-

phase characteristic curves. Future studies using other forms and combinations of simplified two-

phase characteristic curves need to be investigated with additional experiments to confirm this
•

assertion. , "

•

• .. .Finali.y,.'this study revealed that local property Variation_g in the tuff matri.xand boufldary'
'i ..

•conditions significantly altered the uniform imbibiiion of liquid into 'the tuff matrix at th'e sC_ile . •
.o

• . .

Under investigatio n. The effects of such hel:erogeneities are expec.ted, to be depend.en[ on the
.. . ..

• . ." ._

• relative size. and severity of. the heterogeneitieg relativeto the" macri,x, "Th_ref_ore, rigorous' .. v.
_ • . , .. . . _, .. • ".. . .. _ . |... , . ."• . . • * . " _, •.o ,, • -.,i. 0 ,• • . . . . ;

• . • :" , - . . e ' • • °. .. • . .-

: sim.u'iations0f hydrologic betiavi0r intieterogeneousenvi'ronments.need"to be p.erformed in. . ...- ..

conjunction with homogeneous simulations tOdetermine the relative effects of heterogeneities at the

scale under investigation.
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NOMENCLATURE

CP Capillary pressure

k Bulk permeability

kr,w Relative permeability of the wetting fluid

m Curve-fitting parameter in the van Genuchten functions

Pc Capillary pressure

RP Relative permeability

S Liquid saturation
. ,

Se Effective saturation used in the van Genuchten functions

Sr Residual liquid saturation

t Time "

cz Curve-fitting parameter in ihe van Genuchten functions .. ""

• ' _. .. J'9!al.porosity .. " .. .... .- _ • ,
• . .

• p Density. " " ' : "
..• .
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Table 1. Element properties used in TOUGH2 grid (Pruess6).

Tu ff Property

density, p (kg/m 3) 2550

porosity, ¢ (m3 pore/m 3
total) 0.27t

permeability, k (m2) 3.3x 10 -17

t measured in Foltz et al.2
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Figure 1. Linear. (dashed) and non-linearvan Genuchten.(st_lid) capillary
" pressure curves t_sedin. the TOUGH2 simulations• .• ..., i
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.Figure 3. Schematic of the tuff plates and boundary conditions in the
: ., fracture-matrix experiment performed by Foltz et al.2". ' • ._ ., . .
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Figure.6. Homogeneous TOUGH2 .model used in simulations of water
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